Abstract-Magnesium diboride (MgB 2 ) is considered a candidate for the next generation superconducting radio frequency (SRF) cavities due to its higher critical temperature T c (40 K) and increased superheating field (H sh ) compared to other conventional superconductors. These properties can lead to reduced BCS surface resistance (R BCS s ) and residual resistance (R res ), according to theoretical studies, and enhanced accelerating field (E acc ) values. We have investigated the possibility of coating the inner surface of a 3.9 GHz SRF cavity with MgB 2 by using a hybrid physical-vapor deposition (HPCVD) system designed for this purpose. To simulate the actual 3.9 GHz SRF cavity, we employed a stainless steel mock cavity for the study. The film qualities were characterized on small substrates that were placed at the selected positions within the cavity. MgB 2 films on stainless steel foils, niobium pieces, and SiC substrates showed transition temperatures in the range of 30-38 K with a c-axis-oriented crystallinity observed for films grown on SiC substrates. Dielectric resonator measurements at 18 GHz resulted in a quality factor of over 30 000 for the MgB 2 film grown on a SiC substrate. By employing the HPCVD technique, a uniform film was achieved across the cavity interior, demonstrating the feasibility of HPCVD for MgB 2 coatings for SRF cavities.
cavities with cavities employing thin films may provide cost savings for the future accelerator facilities [1] - [4] . Coating superconducting film inside a copper cavity can reduce the cost of SRF facilities, and the high thermal conductivity of copper can improve the thermal stability of the cavity [5] . Adopting a multilayer structure offers new opportunities for higher accelerating gradient according to the theoretical study [6] . Because of these advantages, the thin film coatings of various superconducting materials, such as Nb, Nb 3 Sn, NbN, and NbTiN, are being investigated through chemical vapor deposition, thermal vapor diffusion, atomic layer deposition and sputtering [4] , [5] , [7] [8] [9] [10] [11] [12] [13] .
MgB 2 is considered one of the strong candidates for SRF cavities [14] because of its low residual resistance [15] , high transition temperature, non-weak link behavior [16] , [17] and high superheating critical field predicted by theoretical studies [14] , [18] . These factors make MgB 2 a fascinating material for SRF cavities [14] .
Currently, among many techniques fabricating MgB 2 films, the hybrid physical-chemical vapor deposition is the most suitable process for SRF cavities [19] . In order to coat MgB 2, the interior of the cavities, a significantly modified HPCVD system was designed. Previously, we have tested film deposition in a 6 GHz cavity successfully as described in [19] . Because fluid dynamics plays a critical role in HPCVD, scaling up to coat the 3.9 GHz SRF cavities of much bigger physical sizes requires significant investigation. In this paper, we describe the deposition of MgB 2 films inside a mock cavity, similar in size and shape to 3.9 GHz SRF cavities, in a modified HPCVD system. Good superconducting properties were found in MgB 2 films on small substrates, and uniform coatings were achieved on the inner cavity wall.
II. EXPERIMENT
The principle of HPCVD process has been described in the previous reports [20] . A standard HPCVD system is specialized for thin films growth. The susceptors made of stainless steel [21] or graphite [20] are used as a substrate stage, and a resistive heating element and molybdenum sample holder can also be used [22] . The magnesium vapor from magnesium pieces placed next to the substrates reacts with boron decomposed from diborane (B 2 H 6 ) gas to form MgB 2 on the substrates. According to the previous studies, the most important issues for fabricating highquality MgB 2 films are clean conditions without oxygen and high enough magnesium vapor around the substrate. To supply high magnesium vapor, magnesium pieces should be placed 1051-8223 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. nearby substrates, and a cap concentrating magnesium vapor has also been reported [21] . Removing oxygen is accomplished by using hydrogen gas as the carrier gas. In order to coat the interior of a cavity, the HPCVD system was modified and tested for small size 6 GHz cavities in the past [19] . In this work, the HPCVD system was similar to the 6 GHz system except that the size was larger to accommodate the larger size of the 3.9 GHz cavities. Instead of the flat sample stage heating the substrates in the standard HPCVD system, a cylindrical heater was adopted for the cavity coating system, as depicted in Fig. 1(a) . Resistive heating elements were used for the heater, and thermocouples were attached to measure the heater temperature. The heater was split into two parts so that it could be open for installing the cavity for deposition. A tube-shaped molybdenum oven was used for the magnesium evaporation source. The resistive heating element wrapped around the oven and the temperature of the oven were independently controlled by the outer tube heater. The magnesium oven stood on the bottom of the vacuum chamber. A thermally insulated gas nozzle is inserted from the top of the chamber for the delivery of diborane gas. The thermal insulation is crucial because diborane gas is unstable at high temperatures [23] . The 5% diborane in hydrogen gas mixture was introduced through this nozzle while the hydrogen carrier gas could be introduced through both this nozzle and the other tube from outside of the cavity. A supporting structure from the top of the vacuum chamber was used to hold and rotate the cavity while moving the cavity up and down along its vertical axis. In the meantime, the gas nozzle and the magnesium oven remained fixed during the deposition.
Compared to the small 6 GHz cavity used in [19] , the 3.9 GHz has a longer length (17 cm vs. 10 cm for the 6 GHz cavity) and a bigger inner diameter of the equator (9 cm vs. 4.5 cm). The HPCVD system was modified accordingly. The tube heater for the 3.9 GHz cavity coating system is 46 cm in length and 14 cm in diameter. The end of the gas nozzle was located 7.5 cm above the magnesium oven. The magnesium oven was enlarged from 10 cm in the 6 GHz system to 20 cm in the 3.9 GHz system. Twenty pellets of magnesium pieces with 0.25-inch diameter and 0.25-inch length were used for each deposition.
Prior to the deposition, the vacuum chamber was pumped down to below 10 −5 torr and subsequently purged with hydrogen gas for 10 minutes. The pressure during the deposition was 40 torr and maintained by a combined constant flow from both inlets of 400 sccm of hydrogen gas. The B 2 H 6 flow rate was 30 sccm during the process and the overall deposition time as controlled by the B 2 H 6 gas was 15 minutes. The cylindrical heater was kept at 740°C throughout this.
The mock cavity was initially positioned such that the top area of the cavity was coated first. Then, it gradually moved upward so that the equator and the lower part of the cavity were coated. Small substrates of c-cut SiC, stainless steel foil of thickness 0.05 mm and high purity niobium pieces were mounted inside the mock cavity at different locations by spot welding stainless steel strips above them. The three substrate locations inside the mock cavity are marked in Fig. 1(a) .
The thickness of the films was measured by the Veeco Dektak step profiler after chemically etching a step on the films. The film thickness thus determined was 150 nm. An FEI Quanta450FEG scanning electron microscopy (SEM) was used to observe the surface morphology of the films. A Bruker D8 Discover X-ray diffractometer was used to analyze the structure of the films. The temperature dependent mutual inductance was measured by a home-made AC susceptibility measurement system. A dielectric resonator with a resonance frequency of 18 GHz was used to measure the quality factor of the films. Figure 1 (b) is a photograph of the interior of the mock cavity at the equator region. A uniform coating of purple color, characteristic of MgB 2 films, is observed. Figure 1(c) and (d) show surface SEM images of MgB 2 films on a stainless steel foil attached at position #3 and on a SiC substrate located on position #2, respectively. The film on stainless steel shows a granular structure consistent with the polycrystalline MgB 2 films on stainless steel deposited using a standard HPCVD system [24] . The film on the single crystalline SiC substrate is smooth as those epitaxial thin films were grown using the standard HPCVD system. The x-ray diffraction (XRD) θ -2θ scan of the MgB 2 thin film on a c-cut SiC substrate placed at the location #2 is shown in Fig. 2 . Two MgB 2 diffraction peaks (0001) and (0002) are observed, implying that the MgB 2 thin film has a c-axis-oriented crystalline structure without impurity.
III. RESULTS
The real parts of the AC susceptibility for several MgB 2 films placed at various positions and on various substrates are displayed in Fig. 3 . Because several of the films are on metallic Fig. 2 . X-ray diffraction spectra of a MgB 2 film deposited in position #2. This curve shows good crystallinity of the film which has only (000l) peaks of MgB 2 . Peaks corresponding to the c-cut SiC substrate are also shown in this figure. The substrate peaks are marked by " * ". Fig. 3 . Mutual inductance versus temperature curves for MgB2 films grown on various substrates and in different positions. Captions "SiC," "Nb piece," and "SS foil" correspond to SiC single crystal substrate, high purity niobium piece, and stainless steel foil, respectively. Each substrate is attached at the positions #1, #2, or #3, as explained in Fig. 1(a) . Black circles correspond to the MgB 2 film coated on a SiC substrate at position #1, and red squares are for the MgB 2 film on a Nb piece at position #2. The green rhombi, blue triangles, and magenta inverted triangles correspond to the MgB 2 films coated on SiC at position #2, stainless steel foil at position #2, and stainless steel foil at position #3, respectively. The MgB 2 films deposited on SiC substrates and the Nb piece have a high T c of 38 K regardless of position. The films grown on stainless steel foil have a lower T c of about 30 K.
substrates, the imaginary parts of the signals from the films include signals from the substrates, which are difficult to separate from the film signals. The two films on stainless steel have the lower T c values around 30 K regardless of their positions. The other three films, both at position #1 and position #2, show T c values around 38 K. The films grown on SiC and niobium substrates have a better quality compared to films on stainless steel, which is consistent with the results from the standard HPCVD setup [24] . Because of the small film size, the curve of a MgB 2 film grown on SiC at the position #1 does not reach full screening.
The quality factor at 18 GHz for a MgB 2 film grown at the position #2 on a SiC substrate which has a size of 15 mm × 15 mm, is shown in Fig. 4(a) . Details of the dielectric resonator are described in [25] . The schematic view of the dielectric resonator used for this measurement is depicted in Fig. 4(b) . The shielding cavity was machined from oxygen-free high-conductivity (OFHC) copper in order to ensure low ohmic losses. The sample placed behind of the copper aperture of thickness 0.9 mm. The diameter of the aperture of 9.5 mm defines the film surface area which is exposed to the electromagnetic field. A sapphire disc with 6 mm in diameter and 2.9 mm in height is positioned centrally on the film surface.
Coupling was attained by means of two loop antennas made from semi-rigid coaxial cables. The vacuum of the system reached under 10 −5 torr after the shielding cavity was mounted on a cold finger. The cold finger was designed to inject liquid helium. Transmission measurements were performed using a Hewlett-Packard 50 GHz network analyzer. The film measured by this dielectric resonator shows a superconducting transition at 38 K with a loaded Q of about 33000 at low temperatures which is comparable with 39000 in a loaded Q of a film fabricated by standard HPCVD system.
The flow pattern of the Mg vapor and the B 2 H 6 gas mixture are very different in the previously studied 6 GHz mock cavity and the present 3.9 GHz mock cavity. The diameter of the 6 GHz mock cavity tube (2.16 cm) is close to that of the water-cooled B 2 H 6 line and the Mg oven (∼ 1.9 cm), leaving very little space in between. In the 3.9 GHz mock cavity, the cavity tube diameter is 2.9 cm, and there is much more space between its wall and the B 2 H 6 line and Mg oven, making the gas flow more diffused and the maneuver of the B 2 H 6 line in the cavity easier. Our result shows that the high quality MgB 2 films on small substrates placed at different locations inside the mock cavity can be grown under the new flow pattern in the bigger 3.9 GHz mock cavity. Figure 1 (b) also shows that uniform coating can be achieved. This is the important first step in coating the real 3.9 GHz cavity for RF testing, and for scaling up to even larger cavities for accelerator applications.
IV. CONCLUSION
A stainless steel mock cavity was used in order to test MgB 2 coating of the interior of 3.9 GHz SRF cavities using a modified HPCVD system. SiC, stainless steel, and niobium substrates were placed at various positions inside of the mock cavity. MgB 2 films grown on stainless steel foils have lower qualities compared to the films on SiC and Nb substrates, which showed T c values around 38 K. The film on SiC showed c-axis oriented crystallinity. Dielectric resonator measurement at 18 GHz confirmed the high T c of the film on SiC.
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